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Improved Measurements of Electroweak Parameters
from Z Decays into Fermion Pairs
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Abstract

The properties of the Z resonance are measured on the basis of 190,000 Z decays into
fermion pairs collected with the ALEPH detector at LEP. Assuming lepton universality,
Mz = (91.182 £0.009.x, = 0.020 gp) GeV, 'z = (2484 +£17) MeV, o, , = (41.4440.36) nb,
and Dypea/Te = 21.00 £ 0.20. The corresponding number of light neutrino species is 2.97 +
0.07. The forward-backward asymmetry in leptonic decays is used to determine the ratio
of vector to axial-vector coupling constants of leptons: g2 (3M2)/g3(M2) = 0.0072 + 0.0027.
Combining these results with ALEPH results on quark charge and bb asymmetries, and
T polarization, sin®fw(M2) = 0.2312 £ 0.0018. In the context of the Minimal Standard
Model, limits are placed on the top-quark mass.
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1 Introduction

Measurements of cross sections and angular distributions for Z decay to fermion pairs place signif-
icant constraints on parameters of the Standard Model and allow tests of the consistency of the
model,

In this paper, improved measurements of the parameters of the Z resonance based on 8.0 pb™!
of data collected with the ALEPH detector at LEP during 1989 and 1990 at and near the Z mass
are presented. The data include 165,000 hadronic and 25,000 leptonic Z decays, and correspond to
a sample three times larger than that of our previous analysis [1]. In addition to reduced statistical
errors, improved analysis methods have led to substantially reduced systematic errors.

The ALEPH detector [2] and the techniques used to select different types of events [1] have been
described elsewhere. Here, significant changes since the previous work and the additional systematic
studies which have been done are discussed. The precision of the luminosity measurement is
described in a separate paper [3], and is not addressed here.

2 Hadronic Event Selection

Hadronic events are selected with two independent methods, as described in Ref. [1]. One of these
methods is based entirely on charged tracks, while the other depends on energy deposition in the
electromagnetic (ECAL) and hadronic (HCAL) calorimeters. The track-based selection requires
at least 5 charged tracks in the time-projection chamber (TPC), ALEPH’s main charged-particle
tracking chamber, and a charged-track energy sum (assuming pion masses) greater than 10% of
the centre-of-mass energy. The calorimeter-based selection requires that the combined ECAL and
HCAL energy exceeds 20% of the centre-of-mass energy. In addition, the mirumum energy deposit
in the ECAL must be either 7 GeV in the barrel or 1.5 GeV in each endcap. A time requirement
of +100 ns with respect to the beam crossing, measured on ECAL signals, removes the bulk of
cosmic-ray background. Additional requirements are imposed to suppress the background from
lepton pairs [1].

For both selections, the background from leptonic decays of the Z is estimated from Monte
Carlo. The two-photon background is measured with the data by exploiting the different centre-of-
mass energy dependence of the two-photon background and hadronic decays of the Z. The trigger
inefficiency is measured to be less than 0.03% by comparing two independent triggers, one based
on ECAL energy, and the other based on hits in the Inner Tracking Chamber (ITC) in conjunction
with hits in the HCAL.

The dominant systematic error in the track-based selection is a result of the requirement that
the sum of the charged-track energies exceeds 10% of the centre-of-mass energy. The size of this
systematic error is estimated from the effect of a shift of 0.01+/s in the charged-energy distribution,
corresponding to the observed shift between the data and the Monte Carlo simulation (see Fig. 1).
The resulting uncertainty in the selection efficiency is 0.24%. As a check on this systematic error,
the measured resonant cross section for events failing the charged energy requirement is compared
with the Monte Carlo prediction. Resonant and nonresonant cross sections are separated with the
technique already used to extract the two-photon background (o, = (118 & 23) pb corresponding
to {0.39 £ 0.07)% of the peak hadronic cross section). In Fig. 1, the results of this measurement
are plotted with the observed charged-energy distribution and the Monte Carlo prediction for 43
events; the Monte Carlo distribution is normalized to the data for events with Ecyg > 0.1./s.
The difference between the measured resonant cross section and the Monte Carlo prediction for
events with Eop < 0.14/s5 is (0.15 £ 0.17)%, which is consistent with the quoted systematic error.
Combining all other systematic errors, including uncertainties in background contributions, the
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Figure 1: Charged-track energy sum per event for data (circles) and Monte Carlo (solid
histogram). The triangles represent .neasured numbers of resonant events after the sub-
traction of two-photon background (see text). The Monte Carlo is normalized to the data

for ECH/\/E > 0.1.

systematic error in the track-based selection 1s 0.26% at /s = Mz.

The calorimeter-based selection has a larger efficiency than the track-based selection, and has a
correspondingly smaller systematic uncertainty related to the selection requirements. The dominant
systematic error comes instead from background in the g7 sample. In particular, ¥ 7~ events
represent (0.6240.15)% of the selected event sample. The remaining background comes from et e
events, two-photon interactions, and cosmic rays, corresponding to (33 £ 12) pb, (70 % 25) pb,
and (26 + 5) events/ph ™!, respectively. These numbers are given as percentages of the peak cross
section in Table 1. The total systematic error of this selection is about 0.2% at /s = Mz.

Details of the two selections are swnmarized in Table 1. The error quoted for selection efficiency
includes the statistical error from the Monte Carlo; the uncertainties in background subtractions
are listed separately.

All of the events not common to both samples (about 4% of the events) have been scanned
visually for evidence of detector or data-acquisition problems. An additional systematic error of
0.04% is assigned to account for the few problems which have been observed; these problems were
related to a malfunction in the readout electronics of the TPC.

Since the systematic errors of the two selections are largely independent, the measured cross
sections are averaged and an overall systematic error of 0.2% at /s = Mz is quoted. As a check
on the systematic error, the ratio of cross sections measured with the two selections is plotted as a
function of energy (Fig. 2); the large correlation between the event samples is taken into account
in the errors. A fit to these ratios yields 0.,/ Firack = 1.0023 £ 0.0004, which is consistent with the



Table 1: Hadronic Event Selections. The number of events corresponds to data at all
centre-of-mass energies, while efficiencies, backgrounds, and systematic errors are quoted
at the peak.

Charged Track Selection Calorimeter Selection

Events 166,158 169,993
Selection Efficiency (%) 97.4+0.24 99.1 £0.09
Backgrounds:
eTe™ (%) 0 0.11 + 0.04
rr~ (%) 0.26 = 0.03 0.62 £0.15
Cosmic-ray (%) 0 0.08 £ 0.02
Two-photon (%) 0.39 £ 0.07 0.23 £ 0.08
Total Sys. Error (/s = Mz} (%) 0.26 0.20

quoted systematic errars.

3 Leptonic Event Selection

The leptonic branching ratios have been determined using procedures similar to those described
in [1]. The leptonic branching fractions are measured separately for each type of lepton pair, and
for all lepton pairs in common, without any attempt to distinguish among them. The comparison
of this common-lepton sample with the separate lepton samples allows checks on the systematic
biases of the event selection requirements. As will be discussed, the ete~ and u* p~ selections have
been modified with respect to [1] to increase the acceptance for events with a radiated photon,
thereby reducing systematic uncertainties in event selection efficiency. Improved understanding of
backgrounds and efficiency also results in reduced systematic errors for the 77+~ and common-
lepton {T£~ channels.

The theoretical treatment of the t-channel contribution to the e~ and common-lepton samples
is also improved with respect to [1]. A new program called ALIBABA [4], which allows a calculation
of Bhabha scattering including O(a?) initial-state radiation, is now available. The program can
calculate the full s-channel, t-channel, and interference term, the s-channel alone, or the t-channel
alone. Throughout this paper, the sum of the t-channel and the interference term is referred to as
the t-channel contribution to the cross section. The results of ALIBABA have a reported accuracy
of approximately 0.5% of the total cross section [4]. Corrections are necessary to make the resulis
of ALIBABA, a semi-analytical program which gives results as functions of the polar angles and
energies of the outgoing electron and positron, applicable to the experimental acceptance. Including
the error in these corrections, the total systematic error in the t-channel subtraction is 2% of the
pure t-channel part (not including s-t interference) of the subtraction. At the peak (/3 = Mz), the
t-channel contribution is 12.2% of the total cross section in the angular range in which 7 — ee~(7)
events are selected. In addition, the sensitivity of the t-channel contribution to uncertainties in the
Z mass and width is about 1% of the pure t-channel part of the cross section at the peak and smaller
away from the peak. As a check of the t-channel subtraction procedure, a fit to the complete cross
section (including t-channel and interference) has been done using the program MIBA [5]. This
program, like ALIBABA, includes complete O(a) and leading log O(a?) QED corrections with
soft-photon exponentiation. The hadron and electron lineshapes have been fit simultaneously with
and without t-channel subtraction. The results of the two methods agree to better than 0.1%; the
results presented here are based on the t-channel subtraction method.



[ ALEPH
1.012

1.008

LN LA B B B D B B B B |

)
(=]
&

Cross section ratio
9
—
—_—

0,996

0.892

T [ T T T v [ T T T 77T

e Lo e e b b by by

89 90 91 92 93 94 95
Energy (GeV)

[#1)
471

Figure 2: Ratio of cross section from calorimeter-based hadronic event selection to that of
the charged-track based selection. The errors account for the correlation between the two
event samples.

e o i g o | ] bl A i



The forward-backward asymmetries App(s) at each centre-of-mass energy are extracted from a
fit to the angular distribution with the function [6]

deo

8
" 9 o . )
d cos 8~ C(1 + cos™ 8™ + 3AFB cos §°) F(cos §7) (1)

using a maximum-likelihood method. C is a normalization constant and F(cos#*) describes the
effect of the t-channel exchange which is relevant only for the ete™ channel. The scattering angle,
#”, between the incoming e~ and the outgoing fermion is defined as

cos 8" = sin %(éﬁ +87)/ sin —;—(9"’ -07), (2)

where 6~ and 67 are the polar angles of the vector sum of the track momenta! in the hemispheres
corresponding to the outgoing fermion and antifermion, respectively. This variable preserves the
true angular distribution in the et e~ centre-of-mass when hard collinear radiation takes place from
the initial state.

Details of the lepton-pair selections are summarized in Table 2. A first series of requirements,
which is common to all of the lepton-pair channels, is applied to eliminate hadronic events, as
well as to suppress background from beam-gas, two-photon, and cosmic-ray events. These initial
requirements are the following:

¢ Only tracks with 4 or more points measured in the TPC, which originate from the beam cross-
ing within £10 cm along the beam direction and +dj in the transverse plane, are considered;
these tracks are referred to as good. Two dp requirements are used: a more restrictive one
(do = 2 cm) and a less restrictive one (dp = 5 cm).

¢ The event is required to have either 2 and only 2 good tracks which pass the loose dy require-
ment or 3 to 8 good tracks which satisfy the restrictive dy requirement.

o The event is divided into two hemispheres by a plane perpendicular to the thrust axis. There
must be at least one good track in each hemisphere.

o At least one good track with dy < 2 c¢m must have a reconstructed momentum greater than

3 GeV.

o Events with more than 4 tracks are rejected if any track has an angle greater than 31.8° with
respect to the vector sum of the track momenta in the same hemisphere.

¢ The acollinearity, 74c01, defined as 180° minus the angle between the vector sum of the track
momenta? in each hemisphere, must be smaller than 20°.

The multiplicity requirement makes the acceptance sensitive to inefficiencies in charged-track
finding. This effect has been studied with a sample of ete™ pairs which were selected solely on the
basis of calorimetric information. An inefficiency of (0.25+0.10)% in addition to the (0.69+0.06)%
predicted by the Monte Carlo has been observed, and is corrected for in the analyses below; this
inefliciency is the result of the TPC readout problem mentioned in the previous section.

In 1990, an additional charged electromagnetic trigger with a threshold of 0.2 GeV was imple-
mented, improving the redundancy of the trigger. The trigger inefficiency is less than 0.15% for all
lepton channels, and is known with an accuracy better than 0.05%.

1For the eTe~{v) final states, cos8* is calculated from the two highest momentum tracks only.
For the eTe () final states, the acollinearity is calculated from the two highest momentum tracks only.




Table 2: Lepton-Pair Selections. The number of selected events corresponds to data at all
centre-of-mass energies, while selection efficiencies, background, and systematic errors are
quoted at the peak.

ete~ ppT - (té-

Selected Events 6,947 6,691 6,260 24,757
Angular Range (cos ) (~0.9,0.7) (-0.9,0.9) (-0.9,09) (-0.9,0.9)
Selection Efficiency (%)3 988103 984405 864+08 983102
Overall Efficiency(%) 714+04 83.1+05 729+£08 83.0+02
t-channel Contribution (%) 122+0.3 0 0 13.1+£0.3
Backgrounds:

ete™ (%) - <003 11401 -

whu= (%) <0.11 - 0.12 £ 0.08 -

= (%) 1.18+0.07 0.12+ 0.08 - -

Hadrons (%) ] 0 1.12+0.31 0.8+ 0.07

Two-photon (%) 0 0 0.66 £ 0.13 0.22 £0.04

Cosmic Rays (%) 0 0.23£0.05 0.07+£0.02 0.02£0.01
Total Sys. Error /s = Mz (%) 0.5 0.5 0.9 0.4

3.1 Z — ¢t

The selection of leptons without distinguishing the lepton flavour is done in a manner similar to that
described in [1] except that the angular acceptance of the selection is increased to | cos8*| < 0.9.
To further reduce the background from cosmic rays and two-photon interactions, some criteria are
added to the requirements described above.

Cosmic-ray background is reduced by requiring that for two track events, at least one track
originate from the beam crossing within 1 cm in the transverse direction and 5 ¢m in the beam
direction. Also, £7£~ candidates are required to have at least 4 ITC points associated to a track;
this requirement rejects most cosmic-ray events because of the more restrictive timing of the ITC.

Two-photon background is suppressed by the following requirements:

o The transverse momentum relative to the beam of the vector sum of the tracks in each
hemisphere (the jet transverse momentum) must be larger than 2.5 GeV in at least one
hemisphere.

o For two-track events with both momenta less than 6 GeV, the transverse momenta of the two
tracks with respect to the beam must differ from each other by more than 15%.

¢ The visible invariant mass of the event must be greater than 4.5 GeV.

Using the above criteria, 24,757 events are selected as lepton-pair candidates with an efficiency
of (98.3 £ 0.2)% inside the angular range | cos§*| < 0.9. The remaining two-photon background of
(9.9 £1.9) pb (corresponding to (0.22 = 0.04)% of the selected event sample at the peak) has been
subtracted.

The main systematic errors in the common-lepton cross section result from uncertainties in the
angular acceptance and acollinearity cut (0.14%), the t-channel contribution {0.3%), and the track
parameters, such as momentum errors (0.16%, which is included in the quoted systematic error in
selection efficiency). Combining errors in quadrature, the total systematic error is less than 0.4%.

JIn this table, the selection efficiency is defined as the efficiency within the accepted angular range.
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3.2 Z - ete (y)

The selection of electron pairs is based on the sum of the momenta of the two most energetic tracks
in an event and on the sum of energies of the ECAL clusters associated with these tracks [1]. The
current analysis includes energy which escapes through cracks in the ECAL but is detected by
the HCAL, and includes the energy of radiated photons. As shown in Fig. 3, much of the energy
lost in ECAL cracks is recovered in the HCAL. When ECAL clusters are close to an ECAL crack,
the HCAL energy which is associated to the ECAL cluster is included in the energy sum. This
procedure is applied only to two-track events; the background from T+~ pairs would be increased
by about a factor two if the procedure were applied to higher multiplicity events.

The ete™(7) candidates must satisfy the following requirements:

' E > 02045
p > 0055
Np+Y € > 124

Here, ) p refers to the sum of the momenta of the two most energetic tracks and 3" E (3. &) refers
to the energy sum of the clusters associated with these tracks before (after) the inclusion of energy
from a radiated photon and of the associated HCAL energy.

This selection yields a sample of 6,947 events in the angular range —0.9 < cos 8 < +0.7. The
efficiency of the selection within the geometrical acceptance is calculated to be (98.8 £ 0.3)% from
Monte Carlo [7]. The dominant background in the electron sample comes from 7+7~ pairs and is
estimated to be (1.18 £ 0.07)% from Monte Carlo simulation [8].

The systematic error in the selection efficiency and background has been estimated from the
variation of the number of accepted events for data and Monte Carlo [7,8] as a function of the most
sensitive cut, 3 p + 3 &, and has been found to be 0.3% inside the acceptance (Fig. 4).

The other important systematic error comes from the t-channel subtraction. At the peak energy,
uncertainties in ALIBABA result in a systematic error of 2% of the pure t-channel part of the
subtracted cross section; the uncertainty in the value of /s — Mz (10 MeV) gives an additional
contribution to the systematic error of 1.6% of the subtracted cross section in the angular range
—0.9 < cos 8" < +0.7. This contribution to the systematic error would be larger, i.e. 1.2% of the
subtracted cross section (about 30% of the total cross section), in the range |cos8*| < 0.9. Away
from the peak, the latter error is negligible and the total systematic error is estimated to be 2% of
the pure t-channel part of the cross section. Since this relative error in the t-channel subtraction
varies slowly across the Z peak, the value at the peak has been used. The 0.7% systematic error in
the absclute luminosity [3] introduces a further systematic uncertainty in the t-channel subtraction.

The total systematic error in the cross section is about 60% of the statistical error at the peak
and less than 20% away from the peak. The systematic uncertainty in the forward-backward
asymmetry is about 10% of the statistical error.

3.3 Z—ptu(y)

The muon-pair selection has been extended in two respects since the previous analysis [1]. The
muon chambers? are now used in conjunction with the HCAL to identify muons, and the kinematic

“One double-layer of muon chambers surrounding the hadronic calorimeter has been installed for the 1990
period. The muon chambers, which are constructed of streamer tubes with a 1 cm pitch, provide a single
3-dimensional space point for charged tracks which penetrate the 7.5 interaction lengths of material between
the chambers and the interaction point at normal incidence.

11
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Figure 3: a) ECAL barrel energy versus azimuth A, the distance to the crack, for Bhabha
candidates, b) HCAL barrel energy versus azimuth A for Bhabha candidates, ¢) the sum
of a) and b), for Monte Carlo; d), e) and {) are the equivalent plots for data. The 12
modules in  have been plotted together and only the part of the v range around the
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requirements of the selection have been changed to improve the efficiency for events with a radiated
photon. If the momenta of the two fastest tracks both exceed 35,/5/Mz GeV, the event is accepted
as a muon-pair candidate. If only one track exceeds this momentum cut, the event is accepted if a
photon can be found which is consistent in energy and position with the u* v hypothesis. Figure 5
shows the photon-energy distribution for the selected events; the Monte Carlo [8] distribution is
consistent with the data. In the current selection one of the two highest momentum tracks is
required to have an HCAL hit pattern consistent with that expected for a muon {as described
in [1]), or to be matched to a hit in the muon chambers.

A total of 6,691 utp~ candidates has been selected in the angular range |cos8*| < 0.9. The
efficiency of the selection in this angular range is (98.4 4- 0.5)%. The backgrounds in the sample
are 7Tr~ pairs and cosmic-ray events. The 7t~ background has been calculated from Monte
Carlo [8] to be (0.12 + 0.08)%. The cosmic-ray background has been estimated to be (3.3 £ 0.7)
pb (corresponding to (0.23 £ 0.03)% of the selected event sample at the peak) by loosening vertex
requirements and using the number of additional events found to estimate the number of background
events accepted by the standard vertex requirements.

In order to estimate the systematic error of the event selection based on HCAL, the cross-
sections obtained with this selection are compared with those obtained by a selection based on the
presence of minimum ionizing particle signals in ECAL and HCAL. A systematic error of 0.2% is
assigned to the cross sections to account for the observed difference of (0.1 & 0.2)%.

The Monte Carlo generator used to measure the efficiency of the kinematic cuts does not include
all higher-order radiative corrections, and therefore underestimates the number of events in which
two hard photons are produced by final state radiation. The comparison of the number of ut =y
events found in data and in Monte Carlo shows a disagreement of about 10% on 3.5% of the
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Figure 5: Photon-energy distribution for u"u~+ events from data and Monte Carlo.

selected event sample; the resulting systematic uncertainty is estimated to be 0.35%. Combining
this uncertainty with the statistical error in the determination of the efficiency of the kinematic
cuts gives a total systematic error of 0.5% in this efficiency. To check this value, the cross sections
have been compared with those obtained when relaxing the momentum cut on the second track
from 35./s/ M7z GeV to 22./s/Mz GeV. The average difference is (0.3 + 0.2)%, which is consistent
with the quoted systematic error.

Including the 0.2% uncertainty in backgrounds, a 0.6% systematic error is assigned to the utp~
cross section, in addition to the systemnatic uncertainty in the luminosity measurement.

To estimate the systematic error in the forward-backward asymmetry, results obtained with two
sets of kinematic cuts and two sets of selection cuts (as described above) have been compared.
The average difference in the asymmetry between the two selection methods is 0.002 + 0.004; the
average difference between the two sets of kinematic cuts is 0.002 £ 0.003. The resulting systematic
error in the forward-backward asymmetry is about 30% of the statistical error at the peak and less
than 10% away from the peak.

34 Z > rtr-

The 77~ selection procedure used for the cross-section measurement is similar to that described
in Ref. [1]. The requirements are those of the common-lepton selection together with additional
cuts to separate 777 candidates from eTe~ and utu~ events. In particular, the 7+~ candidates
are required to satisfy the criteria described below.

To suppress et e~ and putu~ events, the square of the missing mass calculated from the tracks
{assuming pion masses) and /5 is required to exceed 400,/5/Mz GeV?. The ete~ background is
reduced further by requiring that the energy measured in ECAL be less than 55./3/My GeV.
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This selection yields a sample of 6,260 events with | cos 8| < 0.9. The efficiency of the selection
within the geometrical acceptance is (86.4£0.8)%; the inefficiency results from the missing mass and
ECAL energy cuts in equal proportions. The main backgrounds are Z — ¢§, Z — ete™, and two-
photon events. The 47 and two-photon background has been determined from Monte Carlo {9,10].
A background of (1.12 £ 0.31}% for ¢7 and (9.9 £ 1.9) pb (d.e, (0.66 £ 0.13)% of the selected
event sample at the peak) for two-photon events has been subtracted from the cross sections. The
remaining background results mainly from e™e™ pairs where two photons are radiated, producing a
large missing mass, and at the same time part of the electromagnetic energy is lost either in inactive
parts of ECAL or because the photons are collinear with the initial electrons. This background
was measured by applying the 777~ selection to the e*e™ sample of events obtained using the
described Z — ete™ () selection, and taking the efficiencies of the two selections into account.
The small 777~ contamination in the eTe~ data has been estimated by Monte Carlo. The ete~
background was found to be (1.1 £ 0.5)% and has been subtracted.

The systematic error in the selection efficiency has been evaluated with data. The following
procedure is used to produce an unbiased sample of 7t7~ events by combining taus from different
events. Only events with less than 7 charged tracks and at least one track per hemisphere are
considered. The energy sum of the charged tracks is required to be larger than 8 GeV and the
acollinearity less than 30°. A 7 selection procedure is applied to each event hemisphere. If there is
only one charged track in a hemisphere, the sum of energy of the charged track and ECAL energy
must be less than 35 GeV; if there are 2 or 3 charged tracks, in addition, the invariant mass of
the tracks must be less than 2 GeV. If such a r candidate is found in an event, only the 7 in the
opposite hemisphere is used in the study. Half events having opposite charge and nearly opposite
polar and azimuthal angles are paired to form complete events with unbiased ECAL energy and
missing mass distributions. Figure 6 shows these distributions compared to thase of 777~ Monte
Carlo events. The efficiency observed in the mixed-event sample confirms that determined with
the 7+~ Monte Carlo within the 0.6% statistical precision of the comparison. The event-mixing
method destroys the intrinsic correlation of helicities between two taus of a real event. This effect
has been studied with Monte Carlo and found to be negligible.

To measure the forward-backward asymmetry, a more selective procedure has been adopted
since a charge-asymmetric background can produce a bias in the measurement. To reduce the
already small contamination of e*e~ events, a selection procedure which positively identifies T
decays based on muon and pion identification is used. For each track with momentum larger than
3 GeV, the same muon identification as used in the putu~ selection is applied. If the track cannot
be identified as a muon, the charged-pion hypothesis is tested. A pion is distinguished from an
electron on the basis of either its ECAL energy deposit, if its momentum is larger than 3 GeV, or
its dE/dx measurement in the TPC.

In addition, reconstructed 7°s with the energy of each photon greater than 250 MeV are used;
details of the 7° identification are given in reference {11]. An event is accepted as a 717~ candidate
if either at least one muon, or at least two pions (including #°s), or one pion with an ECAL
energy (Egcar) less than 0.8Fy,.am in each hemisphere of the event are identified. 6,095 rtr—
candidates are selected with an efficiency of 80.8% inside the defined acceptance. The remaining
ete” background is (0.23 £0.12)%; it has been measured directly from data by tagging an electron
(or positron) in one hemisphere of the event and counting the number of identified pions in the other
hemisphere. Figure 7 shows the probability of identifying either one muon or one or more pions in
one hemisphere once an electron has been tagged in the other hemisphere; the same probability for
an unbiased sample of 777~ Monte Carlo events is shown also.

For the measurement of Apg in the 777~ channel, the p™p~ and ¢7 background can be neglected
while the small ete™ background has been subtracted. The systematic error in the forward-
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backward asymmetry, resulting mainly from uncertainty in the ete¢~ background subtraction, is
about 2% of the statistical error at all centre-of-mass energies.

4 Comparison among Lepton Channels

As discussed earlier, a substantial background in the separate lepton analyses comes from other
lepton channels. To check the estimated efficiency and background for each lepton channel, the
selections are compared among themselves and with the common-lepton selection. Figure 8 shows
the number of events in the regions of overlap among the different selections.

Only data from the 1990 running period and with | cos *| < 0.9 are used for this comparison. 18
events out of 22,031 events found in either the individual or the common-lepton selections do not
appear in the common-lepton sample. These 18 events consist of 5 ete~ and 13 gt~ candidates.
In this comparison, one must consider the different methods of cosmic-ray rejection used by the
Z — ptp~ and Z — £*{ analyses. The 7 events rejected by the ITC hit requirement in the
common-lepton selection are consistent with the higher cosmic-ray background in the Z — utu~
selection. Subtracting these 7 events leaves a discrepancy of 11 events out of 22,031, z.e., 0.05%.

A total of 803 events are found in the common-lepton sample but not in the separate lepton
samples. The events are consistent with being leptonic Z decays and represent less than 4% of the
events found by the individual selections. Although these events are difficult to identify individually,
one can estimate the expected contribution of each lepton species by taking into account the relative
efficiencies of selecting ete™, ptu™ or 777~ inside the common-lepton sample and the relevant
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backgrounds. The total expected contribution is 760 + 23 events (110 + 10 ete™, 82+ 16 putu~,

568 + 13 r*77), and is statistically consistent with the 803 events observed. Thus, the separate
and common-lepton selections agree at the level of (0.2 + 0.1)%.

Events which are present in more than one lepton selection have been studied also. There are
no events which pass the selection requirements for all three lepton species, and there are no events
passing two selections which are not also present in the common-lepton sample.

Taking into account the estimated background in each sample and the “conditional” efficiencies
of selecting events as candidates of one type when they have already been selected as candidates of
another type, the number of events expected to be common to different pairs of selections can be
calculated. For the eTe™ and 777~ species, where the overlap between the two species is large, the
“conditional” efficiencies have been obtained from Monte Carlo [7,8]. For all other “conditional”
efficiencies, it has been assumed that these efficiencies were equivalent to the background of one
species inside the other (see Table 2). A total of 50 + 6 events are expected to be common to the
eTe™ and 717~ samples, statistically consistent with the 44 events found. Less than 9 events are
expected to be common to ete~ and utp~ selections and 13 events have been found. Less than
17 events are expected to be common to the ptp~ and 717~ selections and 19 events have been
found. All the events appearing in more than one individual lepton selection have been scanned
visually, and the observed numbers of events in each category are consistent with these estimates.
The largest discrepancy between the measured and predicted numbers of events in any overlap
region is 0.1%.
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Table 3: Hadron and Lepton Cross Sections. Only statistical errors are given.

\/3 Lint Thad Oece Cup Trr T
(GeV) (nb—1) (nb) (nb) (nb) (nb) {nb)
88.224 48221 4.1 4,596 £0.105 0.233£0.039 0.247+0.025 0.171+0.024 0.599 £ 0.063
88.277 108.5 + 2.0 4.53440.220 0.324+0.088 0.228+0.050 0.352+£0.072 1.027 £ 0.152
89.220 5203 4.3 8.409+0.146 0.334+£0.042 0.502+0.034 0.387+£0.034 1.279+0.074
89.277 46.5 £ 1.3 8.865+ 0.503 0.439+0.150 0.288 £0.089 0.480+ 0.127 1.260+ 0.246
90.222 447.1+4.1 18.4644+0.265 0.924£0.063 0.902 £ 0.060 0.882+0.054 2.751+0.104
90.277 726+ 1.6 19.82340.691 1.1354+0.170 0.953+£0.109 0.790 £ 0.127 2.811 £ 0.260
91.030 144.3+2.3 29.2544+0.657 1.527+£0.133 1.312+0.099 1.384+0.118 4.262 = 0.217
01.222 3655.7+ 11.8 305024+ 0.135 1.480+0.026 1.432+0.022 1.494+0.024 4.43210.044
91.277 137.6+£23 30.3574+0.692 1.2494+0.123 14124+0.109 1.3194+0.117 4.151 £0.218
91.529 1428+ 25 30.918+0.691 1.539+0.131 15104+ 0109 1.406+0.119 4.419%0.217
92.216 555.6+ 4.7 21.7624+0.271 1.0934+0.055 1.003+0.047 1.060+ 0.053 3.146 = 0.091
92.277 1124421 21.346+0.594 1.055:4£0.119 1.072+0.109 1.075+ 0.118 3.259 £ 0.207
03.220 597.5+4.9 12.410-+0.177 0.634+0.040 0.634+£0.036 0.5562+£0.037 1.861 L 0.069
93.277 427+1.3 12623+ 0.670 0.760+0.164 0.685+0.139 0.514+0.138 2.175+ 0.276
94.215 641.7+5.1 7.980 = 0.128 0406+ 0.032 0.437+£0.029 0.409+0.031 1.230x 0.056
94.278 66.9+ 1.6 7.980+0.399 0.4524+0.104 0.347+£0.079 0.38940.096 1.025+£ 0.161

5 Cross Sections and Forward-backward Asymmetries

Data have been collected at 16 energies at and near the peak of the 7 resonance. Table 3 summarizes
the cross sections for hadrons and lepton pairs as a function of centre-of-mass energy; the seven
highest luminosity points correspond to data taken during 1990. Only statistical errors are given;
the systematic errors resulting from the event selection requirements are summarized in Tables 1
and 2. The cross sections given in Table 3 have been corrected for the effect of the center-of-mass
energy spread of LEP, as described in the following section.

The luminosity, which is measured with small-angle Bhabhas [3], has an experimental error of
0.6%. The theoretical calculation for small angle Bhabha scattering includes corrections of second
order in a [12,13). The uncertainty in this calculation within the acceptance is 0.3% (3], giving a
total luminosity error of 0.7%.

Table 4 summarizes the forward-backward asymmetries for lepton pairs as a function of centre-
of-mass energy. The systematic errors are negligible compared to the statistical errors. The deter-
mination of the cross section and of the forward-backward asymmetry from the angular distribution
is not strictly model independent because of the subtraction of the t-channel contribution; this ef-
fect, however, is negligible with respect to the quoted systematic error. The systematic uncertainty
in the measurement of the forward-backward asymmetry resulting from the LEP beam-energy
uncertainty [14] is negligible compared to the statistical error.

6 Z Resonance Parameters

The cross section o, ___, 7 for fermion-pair production in ete~ annihilation, after correction for
initial-state radiation, can be expressed in a model-independent formulation {15,16,17,18] as a
function of the physical parameters of the Z resonance. It contains three terms: the Z-exchange
contribution which is represented by a Breit-Wigner function, the photon-exchange contribution,
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Table 4: Forward-backward asymmetries as a function of the centre-of-mass energy for

Z — lepton pairs.

VS(GeV) Agy Apg"” Afp” AL
88.224 —-0.389 1+ 0.228 —-0.132+0.103 —-0.2684+-0.123 —0.319+ 0.098
88.277 ~0.195+£0.357 —-0.341£0.196 —0.582+0.140 —0.356+ 0.167
89.220 -0.512 £ 0.187 -0.296 £0.062 —0.129+0.082 -0.2594+0.060
89.277 —1.168 £ 0.856 —0.304 £0.203 -0.330+0.200 -0.903 %+ 0.281
90.222 —0.170 £ 0.082 —-0.1594+£0.052 —0.084+0.062 —0.123 + 0.037
90.277 ~0.123 £0.172 -0.142+0.129 —-0.020£0.130 —0.147 + 0.093
91.030 +0.065 £ 0.090 +0.016 £ 0.074 —0.049 + 0.082 +0.027 + 0.049
91.222 —0.009 £ 0.018 -0.002£0.015 +40.021 £0.016 --0.002 4 0.009
91.277 -0.035£0.110 -0.058+0.076 +0.019+ 0.084 —0.040 4+ 0.050
91.529 —-0.102 1 0.092 -0.011+0.076 +0.018+0.079 —0.029 +0.047
92.216 +0.145 £ 0.049 +0.108 + 0.046 +0.130 £0.050 +0.130 4 0.027
92.277 +0.030 £ 0.120 40.106 £ 0.091 +0.184 +£0.101 +0.085+ 0.061
93.220 +0.237 = 0.068 +0.149+£0.054 +0.270+0.059 +40.197 4+ 0.035
93.277 +0.200£0.218 40.287+0.179 +0415+0.192 +40.320+0.114
94.215 +0.130 £ 0.078 +0.180+ 0.065 +0.326 £0.072 +0.165+ 0.041
04.278 +0.242+0.250 40.1014+0.204 —-0.232+0.220 -0.045-+0.147

and the interference term. In a completely model-independent description, the precise value of the
interference term is unknown. The dependence of the results on this term is less than 0.1% [19],
so the Standard Model value has been assumed. The effect of initial state radiation is large, of the
order of 30% at the peak, but is known to better than 0.2% [16] of the cross section, and is taken
into account. The peak cross section from Z exchange, when unfolded from initial-state radiation,
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The resonance parameters have been determined by fitting the model-independent lineshape as
implemented in the computer program MIZA [19] to the cross sections presented in Table 3. In
the x? minimization, the various correlations in the data which result from the common luminosity
determination and common event selection criteria are taken into account. For the electron-pair
sample and the common-lepton sample, points with |\/s — Mz| > 1.5 GeV are omitted to minimize
the contribution of the interference term since it depends on T, and to minimize the uncertainty
resulting from the t-channel subtraction.

Fitting the hadronic and three lepton-pair cross sections simultaneously, one can determine six
parameters: the Z mass, Mgz, the total width, I'z, the peak hadronic cross section, a’ﬁad, and the
three ratios of hadron to lepton partial widths, T'had/Tee, Thaa/T upy and Thaa/Trr. A more precise
determination of B = I'yaq/Ts is obtained from a four-parameter fit, assuming lepton universality.
The results are summarized in Table 5. Additional errors resulting from uncertainty in the absolute
scale of the LEP energy, the beam energy spread, non-reproducibility of energy from fill to fill, and
systernatic point-to-point energy uncertainties among the scan points are not shown in Table 5.
The absolute scale of the centre-of-mass energy is estimated to be 2.2 x 107*(£20 MeV) [14],
which is the main uncertainty in the Z mass. The beam energy spread distorts the Z line shape.
This effect has been included by convoluting the line shape with a Gaussian centre-of-mass energy
spread with o = b0 MeV at the Z peak [14]. The energy spread increases the measured total
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Table 5: Fit results for hadron and lepton cross sections. Errors resulting from uncertainty
in the LEP energy scale are not included.

Parameter | No lepton univ. | lepton univ. Common-leptons | .M. Pred. [20]
Mz [GeV] | 91.18240.009 | 91.182 + 0.009 91.1824 0.010

I'y [GeV] 2485 £ 17 2484 £ 17 2482+ 18 2489 + 23
Jgﬂd[nb] 41.44 +£0.36 41.44 +0.36 4145+ 0.36 41,42+ 0.07
Thad/Tee 20.66 + 0.33

Fhad/]-‘,uu 21.26 +£0.29 -

Thad/Trr 21.00 £ 0.36 -

Thad/Tee - 21.00 £ 0.20 20914+ 0.20 20.80 £ 0.08
Cinv/Tee - 5914+ 0.15 2.931+0.15 5.91+0.01
x? 47.2 /51 dof. | 49.1 /53 dof [ 11.1 /21 dof.

Table 6: Correlation coefficients for 4 parameter fit to the Z line shape assuming lepton
universality.

Mz Fz Ul?ad R
Mg 1 +0.06 +0.01 0.00
Ty +0.06 1 ~-0.31 -0.01
OLad +0.01 -031 1 +0.13
Thea/Ter 0.00 =001 +0.13 1

width by 4 MeV and decreases the peak cross section by 0.13%. The cross sections in Table 3 are
corrected for this effect. The uncertainty in the reproducibility of machine conditions from fill to
fill is estimated to be 10 MeV [14]. With 7 successive 7-point scans in 1990, however, this effect
contributes a negligible uncertainty of the order of 2 MeV in both the Z mass and total width.
Finally, the systematic point-to-point relative energy uncertainty of 10 MeV [14] contributes an
additional systematic uncertainty of 5 MeV in both the Z mass and total width.

The parameters given in Table 5 are largely independent of each other; the largest correlation
is —31% between of_; and I'z, as shown in Table 6.

The four-parameter fit has been repeated with the cross sections from the common-lepton sam-
ple. The results are consistent with those found using the separate lepton samples (see Table 5) if
one takes into account the angular acceptance of the common-lepton selection, which yields 20%
more events.

Other parameters, including the partial widths and branching ratios, can be derived from these
results {Table 7). The errors in these parameters, however, have large correlation coefficients: in
particular, T, is strongly anticorrelated with [, and I'... The three leptonic widths agree with
each other as expected from lepton universality.

7 The Determination of Vector and Axial-vector Couplings

The leptonic width, [y, and the lepton forward-backward asymmetry depend on the leptonic vector
and axial-vector coupling constants. In the Born approximation, the QED-corrected partial width

is given by

Ty =

3
Z

F
6\/§7r
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Figure 9: Cross sections for e*e™ — lepton pairs as a function of the centre-of-mass energy:
a) efe” — etem, b) eTe™ — ptpu, c) ete” — 777, and d) ete~ — ¢+¢~. For poiuts
where the energy difference is less than 100 MeV the average cross section is plotted. The
lines are the Standard Model predictions. Points with open circles are not used in the fit.

22




0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

Electrons

IIII[IIIIIIIIIIl

0.8
0.6
0.4
0.2

%

IIIJ'IIIIIIIIIIIIII

I P ! | ! !

-0.2
-0.4
-0.6

88 90 92 94
Energy [GeV]

Taus

I|IIIII|JJII

¢ 9

0.8
0.6
0.4
0.2

FTTTTITIT

!!l[!

|
-&-

| . ! . | ! I

-0.2
-0.4
-0.6

88 S0 92 94
Energy [CeV]

ALEPH

-0.8

-0.8 ©

®
[T IR BT
8 90 92 94
Energy [GeV]
é, Leptons
2 o
P
: [T P
8 90 92 94
Energy [GeV]
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Table 7: 7 resonance parameters derived from the measured hadron and lepton cross
sections.

Final state | Partial width | Branching ratio | Peak cross section

(MeV) (nb)

six parameter fit
Hadrons 1730 + 18 0.696 + 0.006 41.44 + 0.36
ete” 83.8+£0.9 (.0337 £+ 0.0003 2.006 + 0.035
it 8l4+14 0.0328 £ 0.0005 1.949 £ 0.030
Tt~ 824+1.6 0.0332 £ 0.0006 1.974 £ 0.037
Invisible 507 = 18 -

four parameter fit
Hadrons 1744 + 15 0.702 £ 0.005 41.44 1+ 0.36
Lepton 83.1£0.7 | 0.0334 = 0.0002 1.974 £ 0.023
Invisible 491 + 13 - -

The corresponding forward-backward asymmetry at the Z peak is

App = Z 229ve9A2e 229'Vf9A2f . 39_;2;£ ‘ (4)

Ive t 9ae 9ve T ke Jhe
The variation of Apg away from the Z peak depends mainly on ga.gas.

The statistical precision of the data requires that higher-order electroweak corrections be in-
cluded. In the Improved Born Approximation [21,22,23], which includes the bulk of the O(a)
electroweak corrections, the above expressions are still valid, but the coupling constants become
effective running coupling constants evaluated at g% = MZ: gv(MZ) and gs(M2). These effective
constants are determined from the measured partial width and asymmetry; in the limit of the
Improved Born Approximation, this determination is therefore independent of the Higgs and top
masses.

The measured asymmetries are fit as a function of /3, assuming lepton universality and using
the lineshape measurements of Mz, T'z, and T'y as constraints (see the Appendix for a detailed
description of the fitting formulae). In the ete™ channel, only the five points closest Lo the Z peak
have been used to minimize the uncertainty resulting from t-channel subtraction.

The measured forward-backward asymmetries and the results of the fit are shown in Fig. 10.
The corresponding coupling constants for leptons are

g5 (M2)/ g3 (ME) = 0.0072 £ 0.0027,

gv(MZ) = ~0.042139%°  and gp(M3) = —0.498 £ 0.002.

Since the leptonic width and asymmetry depend on g§ (M) and g3 (M32), the signs of gv(M2) and
ga(M2) have been inferred from other ALEPH measurements [11,24], and from neutrino-electron
scattering experiments [25,26,27,28].

The fit can be repeated without assuming lepton universality, by replacing the constraint from
Ly by Dee, Tpy, and Tor. In addition, the measurement of the r polarization [11] is used to
constrain the 7 coupling further. The coupling constants as given in Table 8 are consistent with
lepton universality. The smaller error in gv(3Z) for the T is a result of the inclusion of the =
polarization measurement. The probability contours for ga(MZ2) and gv(M2) are shown in Fig. 11.
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Table 8: Effective vector- and axial-vector coupling constants for €, u, and 7 from for-
ward-backward asymmetries without/with r polarization [11].

Agp only Arp + Pr
] gv(ME) | ga(MD) ov(MZ) | galMB)
e ~0.0357 g 013 | ~0.50175 003 | —0.04572912 | 50019903
' po || 002875057 | —0.494%0007 | —0.01870838 | —0.4947 3008
T —0.10475 060 | —0.48613 582 || —0.045T9810 | _(.495+0-005
Lepton || —0.04273007 | —0.49870:00% | —0.041+3:907 | _(,408+0:002

ALEPH
-0.485
--------- 68% C.L
- —— 99%cC.L
-0.49
—0.495
o™
=
g
<«
& I
-0.5 |
-0.505 -
_ \\|
%5107 -0.05 0 0.05 0.1

(M)
Figure 11: Probability contours for gv (M2 )g\énd ng(Mzz) from leptonic forward-backward

asymmetries and 7 polarization. The points are the expectations of the Standard Model
for different top masses, assuming a, = 0.12 and My = 200 GeV.
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8 Standard-Model Interpretation

8.1 The Number of Light Neutrino Species

The number of light neutrino species can be obtained from the measured value of Ting /T, under
the assumption that 'y, = N,I,. In the Standard Model, Ty /T, is related to the lepton coupling
constants by

r 1 M2
_68__1+ gv(Mz)

r, 2( (gA(MZZ)

and is equal to 0.5023 + 0.0010 using the measured value of gve/gar given in Section 7.5 &y =
~0.003 = 0.0003 is the electroweak vertex correction.® From the present measurement

[ 127 R
Pinv/rfl = -ﬂ_/lrzzd—}[:d_R_ 3= 5.91i0.15,

and the above value of T'y, /T,

)1+ 321+ 8v), (5)

N, =297+£0.07.

The only Standard Model assumption required to obtain this result is the expression for 'y /T,
therefore, it is still valid if unexpected states yielding hadrons are present in Z decay. The expected
line shapes for hadronic Z decay for 2,3, and 4 neutrino species are shown with the measured cross
sections in Fig, 12.

Fixing N, = 3, the neutrino partial width can be determined:

T, = (163.7 £ 4.3) MeV.

8.2 Peak Cross Sections, Ratios of Partial Widths, and «,

The measurement of the Z mass, together with o and G, constrains Standard Model predictions,
leaving only a small dependence on the unknown Higgs and top masses, which enter through higher-
order corrections. The ratio of partial widths such as R=Tp.q/T s as well as the cross sections at
the peak depend omly weakly on M,,, and Muiggs, and are therefore particularly suitable for a
comparison between experiment and theory. The partial widths themselves, however, are sensitive
to sin® fw{M2) and therefore to the top and Higgs masses.

In Fig. 13, the correlation between the peak cross section for Z decay into hadrons and R is
compared with the Standard Model prediction for 2, 3, and 4 neutrino species; the agreement for
Ny = 3 is good. The main uncertainty in the prediction is the uncertainty in the strong coupling
constant c, [30]. Each of the two measurements checks the Standard Model with a precision of
~ 1%.

In Fig. 14, the results for I'; and R are compared with the Standard Model. The variation
of the theoretical prediction with Mop and the uncertainty resulting from the ¢, correction are
indicated. The agreement is good for top masses in the range 50 - 200 GeV.

The dependence of R on a,, assuming a second-order expansion in a, in the MS scheme, is [31]

. po Qs Qs 0
B=R(1+ 241412,

*The Standard Model prediction [20] for 'z, /T, is 0.5022 = 0.0008.
6y has been obtained from [22] and [29]; the uncertainty in its value has been obtained by varying
Miqop from 80 GeV to 250 GeV, and Myiggs from 50 GeV to 1 TeV.
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Figure 12: Cross sections for efe™ — hadrons as a function of the centre-of-mass energy.
For points where the energy difference is less than 100 MeV the average cross section is
plotted. The Standard Model predictions for N, = 2,3, and 4 are shown.
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where R® = 19.98 + 0.03 [20] is the Standard Model prediction for R in the absence of strong
interactions Refitting the data imposing &V, = 3, one obtains R = R°(1.049 + 0.008), which gives

a.(M2) = 0.144 4 0.024.

8.3 The Electroweak Mixing Angle and Radiative Effects

In the Standard Model, the weak vector and axial-vector couplings are defined in terms of the weak
mixing angle sin® fi. The measurements of the Z lineshape and the forward-backward asymmetries
may be interpreted as different measurements of sin® fw(M3). The comparison of these measure-
ments provides a fundamental test of the Standard Model and is sensitive to physics outside of the
Standard Model. .

The effective vector and axial vector couplings may be written as

ga(M2) = —1/2v1 + Apy (6)
gv(MF) = ga(M3)(1— 4(sin® Ow (M) + C1)). (7)

The effective parameters Ap, and sin? Oy (MZ) [21,22,23] absorb, by definition, any deviation from
the tree-level couplings not explicitly included in the fitting formula (see Appendix). C; = 0.0007
is the flavor-dependent electroweak vertex correction [32]; Apy, as defined in Eq. 6 [33], includes
the corresponding electroweak vertex correction to Ap.”

The lepton forward-backward asymmetry provides a direct measurement of sin? Ow(MZ) since
it determines the ratio of vector to axial-vector coupling constants of the leptons (Egs. 4 and 7).
The measurement of the forward-backward asymmetry for leptons presented here corresponds to

sin® fw (M2) = 0.2281 + 0.0040.
Other ALEPH asymmetry measurements similarly determine sin? fw{M2):
o the quark charge asymmetry [24],
» the tau polarization [L1],
o the bb and cZ forward-backward asymmetries [35].

The different measurements of sin® fw(M2) are summarized in Table 9, showing good agreement
in the values of sin? #w(M2), with an average of

sin? fw (M5) = 0.2285 + 0.0025.

TApy is related to Ap by an electroweak vertex correction [34):
App = Ap+ C.
For large values of My, the leading behaviour of Ap is given by

a2
Ap =~ EMtgop . Ell‘l MHiggs‘
T M 4n o M}

In a similar approximation, sin® fw{M2) may be written as

M

Sin2 GW(MZZ) ~1- mm—z
Z
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Table 9: Different measurements of sin® #w(M2). b6 and ¢z asymmetries have been com-

bined using a 20% correlation.

LMeasurement ‘ Measured gquantity ‘ value T sin? Ow ( M2) |
Lepton F-B asymmetry g5 (M2)/gd(M2) 0.0072 £ 0.0027 | 0.2281 £+ 0.0040
Quark charge asymmetry < @QFp > —0.0084 £ 0.0016 | 0.2300 4+ 0.0052
Tau polarization P? —0.1524+0.045 | 0.2302 % 0.0057
bb asymmetry A%B 0.126 + G.030 0.2262 £ 0.0054
cT asymmetry B 0.064 £ 0.049 0.2310 £ 0.0120

0.2285 + 0.0025

83.056 £ 0.67 MeV | 0.2340 £ 0.0025
0.2312 1 0.0018

Asymmetry average

Line shape Ty
Overall average

The leptonic width can also be related to sin® Oy (M32):

48 sin” By (M) cos? Oy (M2)

Ty = (1+ &) 1 — 4(sin® 0w (M3) + €))% + 1] (1 3“) :

Tix
Comparing this expression with the one obtained by substituting Eqs. 6 and 7 into Eq. 3, Mzz can
be related to sin® Oy (M2):
M= ra(M2)(1 + &) '
V2Gr(1 + Apy)sin® w(M2) cos? by (M2)
The factor & absorbs the running of the Z self-energy across the Z resonance, as well as resid-
ual vertex corrections. x, which is related to the variable § discussed in [36] (§ = & x
4 sin? Oy (M2) cos? fw (M32)/«), depends logarithmically on both Miop and Mpiggs, and is there-
fore relatively more sensitive to Mpjggs than Ap;. There is no explicit Apy dependence in the
expression for 'y, while the Ap, dependence remains in the relationship between sin® w(M3) and
My.
If one assumes the Minimal Standard Model value® of x = 0.0033 + 0.0010;4p £ 0.0015x;gs, the
measurement of T'y; /M7 corresponds to

sin? fw (MZ) = 0.2340 £ 0.0025.

(8)

It is interesting to note that the precision of sin®#fw(MZ2) as determined from the asymmetry
measurements is comparable to the one obtained from I'y;/Mz (see Table 9). The combined result
is sin® fw(M2) = 0.2312 + 0.0018.

The correlation between Iy and sin® fw(MZ) measured from the asymmetries is shown in
Fig. 15, along with the Standard Model predictions. The comparison of these measurements may
also be interpreted as a measurement of «:

k = -0.016 £ 0.012.

The agreement between this measurement of x and its Minimal Standard Model value [20]
constitutes a 1% test of the Minimal Standard Model at the 1-loop level. In nonminimal theories,
« provides a test of the Higgs sector [37]. Such a scenario is discussed in [36] where the quantity §
is expected to be increased by 2.1 for one generation of technifermions in N, = 4 technicolor; this
change corresponds to an increase of 0.024 in £. The measured value of & excludes this possibility
at more than a 95% confidence level (see Fig. 15).

3The quoted errors correspond to the Miop and Mujees ranges given in [20].
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L¢. The Standard Model predictions as a function of M,,, and Mtiggs are shown. The
expectation for one generation of technifermions in N, = 4 technicolor is indicated also.
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8.4 sin®#w(M2) and Limits on the Top Mass

In the Minimal Standard Model with three neutrino species, any observable can be computed as a
function of sin? Ow (MZ), Miop, Muiggs, and a,. Therefore, for given values of a, and Muiggs, each
observable defines a relationship between sin® fw (M2} and Mi,p. These relationships are shown in
Fig. 16, assuming «, = 0.121 & 0.008 {30] and Mg =200 GeV.? In addition to the constraints
from the measurements presented in this paper, the constraint from the determination of the mass
ratio Mw /My in neutrino-nucleon scattering experiments [38] and from the direct measurement of
Mw in pp colliders [39,40] is shown. The width of the band for each observable corresponds to the
experimental uncertainty in the measurement. As shown in the previous section, the asymmetries
depend on sin® fw (M2), but have no explicit top-mass dependence. Therefore, the constraint from
the asymmetry measurements appears as a horizontal band. The other observables depend on M,y
as well as sin® fw(M7), and appear as curved bands in Fig. 16.'°

The data displayed in Fig. 16 may be combined to find best values of sin® Oy (M2) and M,op.
The following measurements are considered in a combined fit:

¢ from the lineshape:
Mz = (91.182 £ 0.009) GeV
I'z = (2484 + 17) MeV
Theq = (1744 + 15) MeV
Ty = (83.14 0.7) MeV

¢ from the asymmetries:
sin? 6w (M3Z) = 0.2285 £ 0.0025

e from measurements of the vector boson masses ratio [38,39,40]:
2
sin2fw = 1 — S = (.2202 + 0.0042.
Z

A fit to the ALEPH results alone yields
sin? fw (M3) = 0.2312 £ 0.0016 £ 0.0002p;g,s and

Miop = (170 £55 £14 pigq,) GeV

with x*=2.8 for 2 degrees of freedom. The second error shows the uncertainty corresponding to a
change in the Higgs mass from 50 GeV [41] to 1000 GeV. These results may be interpreted as a
measurement of the W boson mass:

Mw = (80.33233%) GeV.

Combining the ALEPH results with the determination of the M /My ratio from other experi-
ments [39,40], one obtains a more precise determination of sin? fw ( A, 7) and Mi,,:

sin? Oy (M2) = 0.2322 £ 0.0009 = 0.0003p;ggs

M'JDP = (139 igg i%é Higgs) GeV
with x*=4.4 for 5 degrees of freedom.

9The theoretical calculations used include M  two-loop contributions as well as QCD corrections to the

top
top mass dependent terms.
ONote that the constraints derived from T'y, and My are displayed separately. The constraint from the
ratio T'yr/ Mz, as discussed in the previous section, would appear as a horizontal band.
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Figure 16: Constraints on sin® 6w (M2) versus M., from different measurements assuming

Mygigge = 200 GeV.

An independent analysis has been done in which the data are tested for consistency with the
Minimal Standard Model using EXPOSTAR[21,29,42]. The only free parameters in this analysis
are Mz, Miop, MHiggs, and «,. Imposing MHiggs = 200 GeV and using the ALEPH measurement
of o, [30] as a constraint, the data are found to agree with the Minimum Standard Model, and
result ' in Mz = (91.182+0.009) GeV and Miqp = (157129) GeV, consistent with the values given
above.

9 Conclusion

On the basis of 190,000 7 decays collected with the ALEPH detector, the following parameters of
the Z resonance have heen measured:

Mz = (91.182 1 0.009xp + 0.0201gp) GeV
Tz = (2484 £17) MeV
Thea = (41.44 4 0.36) nb
R = 21.00+0.20.

The corresponding number of light neutrino species is 2.97 + 0.07. From the forward-backward
asymmetry, the ratio of vector to axial vector couplings is found to be

av(M2)?/ga(M3)? = 0.0072 + 0.0027.

UThe quark-charge and bb asymmetry measurements have not been included in this analysis.
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Using ALEPH’s asymmetry measurements together with Ty, /My yields
sin® Ay (M3) = 0.2312 £ 0.0018.

A fit to the ALEPH data assuming Mpjges = 200 GeV gives
Miop = (170 ig% i%i Higgs) GeV,

where the second error corresponds to a change in the Higgs mass from 50 GeV to 1 TeV.
All of the results presented here are consistent with the Minimal Standard Model at a 1% level,
as well as with previous measurements [1,43].
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Appendix

In this Appendix, the parametrizations used for fitting the lineshape and forward-backward
asymmetry are described. Some small contributions, such as initial-final state interference, are not
easily treated in the model-independent scheme used, and have been neglected.

The cross section o_, ___, +7 can be expressed in a model-independent way in terms of three
contributions:

o the Z exchange that is represented by a Breit-Wigner function;
o the photon exchange;
e the Z-v interference term ;.

The following expression is used for the fits:

_ s 12aT;¢ Lo N(s — M3)
J(s)ff - (S_MZZ)2+32F%/MZZ ( Mzz 1+%%+If s
4 2
+§7TNCQI2]’ a (S) (9)

where T'e., T'y; are the partial widths for Z decay into eTe™ or any fermion pair fJf; Q¢ is the
charge and N, is the colour factor of the fermion. I'z is the total width and My the mass of the 7
boson. The invisible width is defined by Tj¢ = I'z — I'nua — [ — .. —T.r, where I'y.4 denotes the
hadronic decay width. In this formula, I',. is divided by the factor (1+ %%) to allow for a separate
treatment of the initial state radiation [19], as described below. Initial state real and virtual pair
production has been studied but is not yet taken into account.

The interference term, Iy, cannot be expressed in a model-independent way in terms of the Z
partial widths. Since I is small, the Standard Model value is assumed.

To include the effect of initial-state radiation, the expression for the cross section is convoluted
with a radiator function [17,44].

The QED-corrected forward-backward asymmetry in the angular distribution can be well ap-
proximated as [45]:

e H (s, 2)ok5 (s(1 - 2)) do
o™= Hs,z)onr(s(1 — 2))de’
where H(s,z) is the same radiator function used in the total cross section. In the numerator,

okh = ok r—0 8 5 is the integrated forward minus backward non-radiatively-corrected cross section,
which in terms of the effective coupling constants g, (A2) and gv(M2) is

App(s) =

ralls s(s — Mzz) + szr—zhn(Aa)
JIF\T%(‘S) = ( ) ( 2 FAeJAS FG(S) M T2
; (- M3+ 5
Z

52

2
c-p G

+4  gvegacgvegar F&(s) );

where Im(Aa) is the imaginary part of the photon vacuum polarization. The denominator is the
total cross section, which can be expressed as
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4 wa®(s s(s — M2
O’NR(S): 5 ( ) ( 1 + 2§'VegiFG(5) ( Z) T2 +

$ (s — M7)* + s

2

s

((gve)? +(gae)®) - ((gve)® + (9a0)?) F&(5) " = b
(s — MZ)? + 52ﬁ§
where
Grl?2

Fo= ——"%2 10
¢ 2v27ra(s)) (10)

The parametrizations used for the lineshape and the forward-backward asymmetry are good
approximations of the most accurate Standard-Model calculations available.
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